The hCMV System in Col-0 ACE
The 22-amino-acid nascent peptide of hCMV gp48 uORF2 causes ribosome stalling autonomously to downregulate gp48 expression during the early stages of infection (28, 65) . This reaction occurs in WGE and the structure of stalled ribosome in WGE has been solved by cryo-EM (14,16), but has not been studied in ACE.
Autonomous ribosome stalling of the hCMV system was analyzed in Col-0 ACE (Supplementary Figure S10 ). TagI:DP75:hCMV RNA (Supplementary Figure S10B) carries M8:His:HA tags (TagI) and DP75 linker fused in-frame to the N-terminus of hCMV gp48 uORF2. DP75 linker (15,43) was used to facilitate the detection of short polypeptide. After the translation of TagI:DP75:hCMV(WT) RNA in Col-0 ACE, translation products were analyzed by immunoblotting using anti-HA antibody, which detected 15-kDa full-length product and RNase-sensitive 37-kDa peptidyl-tRNA bands. In contrast, the translation of TagI:DP75:hCMV(P21A) RNA produced only 15-kDa full-length product (Supplementary Figure S10C) . The P21A mutation has been reported to abolish the NPmRS (15,28). The results show that autonomous ribosome stalling of the hCMV system is recapitulated in Col-0 ACE.
For the reporter assay in Figure 7A , 5′-hCMV:LUC RNA that carries the 5′-UTR of hCMV gp48 fused to LUC reporter gene (Supplementary Figure S10D ) was used.
The AAP System in Col-0 ACE
N. crassa arg-2 codes for an enzyme involved in L-arginine biosynthesis. The 24-amino-acid nascent peptide of AAP, the sequence encoded by arg-2 uORF, directs the ribosome to stall in response to Larginine during translation termination of AAP in WGE (24, 25) . This reaction occurs in WGE and the structure of the stalled ribosome in WGE has been solved by cryo-EM (14), but has not been analyzed in ACE.
L-Arginine-induced ribosome stalling of the AAP system was analyzed in Col-0 ACE (Supplementary Figure S12 ). Since anti-HA antibody only poorly detected the translation products, the experiments were carried out using TagII:DP75:AAP RNA that carry M8:His:HA:3xFLAG:Myc tag sequences (Supplementary Figure S12B ) and the translation products were detected using anti-FLAG antibody. Translation of TagII:DP75:AAP(WT) RNA in the presence of 2.08 mM L-arginine produced RNase-sensitive 40-kDa peptidyl-tRNA in addition to 25-kDa full-length product, and the peptidyl-tRNA accumulation was evidently detected at 10 min after the start of translation (Supplementary Figure S12C ). The accumulation of 40-kDa peptidyl-tRNA was also detected with 0.08 mM L-arginine, which is the basal L-arginine concentration in ACE (23), although the level of accumulation was lower than at 2.08 mM. This is consistent with a previous report describing that L-arginine-induced stalling was observed even at 0.01 mM (24). The accumulation of peptidyl-tRNA was diminished when TagII:DP75:AAP(D12N) RNA was translated in the presence of 2.08 mM L-arginine (Supplementary Figure S12C and D). The D12N mutation has been reported to abolish L-arginine-induced NPmRS of AAP (24). The results show that L-arginine-induced NPmRS of AAP is recapitulated in Col-0 ACE.
The AtAMD1 System in Col-0 ACE
AtAMD1 codes for an enzyme involved in spermidine and spermine biosynthesis in Arabidopsis. The 52-amino-acid nascent peptide of S-uORF directs the ribosome to stall in response to high concentrations of polyamines during translation termination of S-uORF in WGE (31). This reaction is only partially characterized in ACE (31).
Polyamine-induced ribosome stalling of the AtAMD1 system was analyzed in Col-0 ACE (Supplementary Figure S13 ). As an effector, spermidine was used in the present study (31). Polyamines are necessary for in vitro translation, but are inhibitory at high concentrations. We previously determined spermidine concentrations for stalling assays of AtAMD1 in WGE (31). In the present study, we confirmed that the same concentrations of spermidine (0.2 mM and 0.7 mM as control and stalling conditions, respectively) can be used in ACE. The spermidine concentration for the standard translation reaction in ACE is 0.5 mM (23).
TagI:DP75:S-uORF(WT) RNA (Supplementary Figure S13B ) was translated in Col-0 ACE in the presence of 0.2 or 0.7 mM spermidine and analyzed by immunoblotting using anti-HA antibody (Supplementary Figure S13C ). In the presence of 0.7 mM spermidine, RNase-sensitive 37-kDa peptidyl-tRNA was detected in addition to 18-kDa full-length product, and the accumulation of peptidyl-tRNA was dependent on the spermidine concentration (Supplementary Figure S13D and E). Introduction of a frame-shift mutation in S-uORF abolished the peptidyl-tRNA accumulation (Supplementary Figure S13C ), as previously reported (31). These results show that polyamine-induced NPmRS of AtAMD1 is recapitulated in Col-0 ACE.
For the reporter assay in Figure 7B , 5′-AtAMD1:LUC RNA that carries the 5′-UTR of AtAMD1 (Supplementary Figure S13A ) fused to LUC reporter gene (Supplementary Figure S13F ) was used. When the RNA carrying the WT S-uORF sequence was translated in Col-0 ACE, the reporter activity was reduced as the concentration of spermidine was increased, whereas the reporter activity was significantly higher if the S-uORF sequence bears a frame-shift mutation (Supplementary Figure S13G ).
The MAGDIS System in Col-0 ACE
mAMD1 codes for an enzyme involved in spermidine and spermine biosynthesis in mammals. The sixamino-acid uORF sequence, MAGDIS, of mAMD1 directs the ribosome to stall in response to high concentrations of polyamines in WGE (32,33). The ribosome stalling occurs at the termination codon of the uORF (32,33). Both mAMD1 and AtAMD1 genes codes for AdoMet decarboxylase, and are regulated by a uORF in a polyamine-dependent manner. However, the lengths and amino acid sequences of the uORFs are quite different.
Polyamine-induced ribosome stalling of the MAGDIS system was analyzed in Col-0 ACE (Supplementary Figure S14 ). Since anti-HA antibody barely detected a peptidyl-tRNA band, TagII:DP75:MAGDIS(WT) RNA (Supplementary Figure S14B ) was translated in Col-0 ACE in the presence of 0.2 or 0.7 mM spermidine. Immunoblot analysis using anti-FLAG antibody detected double bands of ~38-kDa peptidyl-tRNA when translated in the presence of 0.7 mM spermidine, while 20-kDa full-length product predominated when translated in 0.2 mM spermidine (Supplementary Figure S14C , lanes 1 and 2). The accumulation of peptidyl-tRNA was evident at 10 min of translation (Supplementary Figure S14D ) and was dependent on the spermidine concentration (Supplementary Figure S14E and F). When TagII:DP75:MAGDIS(I5L) RNA, which carries a mutation that abolishes the polyaminedependent NPmRS of MAGDIS (32), was used, peptidyl-tRNA accumulation was diminished. These results show that polyamine-induced NPmRS of mAMD1 is recapitulated in Col-0 ACE. Although the origin of the double bands for the peptidyl-tRNA is unknown, the intensities of the two bands paralleled in each of the experiments in Supplementary Figure S14 . Therefore, we used both bands for calculation of stalling efficiencies in Supplementary Figure S14F and Figure 5E .
For the reporter assay in Figure 7C , 5′-mAMD1:LUC RNA that carries the 5′-UTR of mAMD1 (Supplementary Figure S14A ) fused to LUC reporter gene (Supplementary Figure S14G ) was used.
The AUG-Stop System in Col-0 ACE
The expression of Arabidopsis NIP5;1, encoding a boric acid transporter, is downregulated by ribosome stalling in response to high concentrations of boric acid at the minimum uORF, AUG-Stop, which is coupled with NIP5;1 mRNA degradation in WGE. We used a 306-nt 5'-UTR containing uORF3 and uORF4 (Supplementary Figure S17A and B) (34), of which uORF4 is the AUG-Stop. In general, at both the start and the termination codons, decoding by the ribosome takes longer than at other codons, and boric acid induces prolonged ribosome stalling at AUG-Stop. For this response, the AUG codon has to be directly followed by one of the stop codons, and insertion of even a single codon is detrimental to the response (34). This reaction has been studied in WGE (34), but not in ACE.
When 5′-NIP5;1(WT):LUC RNA (Supplementary Figure S17B ) was translated in Col-0 ACE, relative reporter activity was reduced in a boric acid-dependent manner. In contrast, disruption of AUG abolished the response (Supplementary Figure S17C) . These results show that the response of AUG-Stop to boric acid is recapitulated in Col-0 ACE. RT-uL4Dr TCGGTGTAGTCACTGTCTGA this study RT-FLAGf ACAGTGACTACACCGAGTTC this study RT-FLAGr TCATCGTCATCCTTGTAGCT this study UBQ5f
GTGGTGCTAAGAAGAGGAAGA this study UBQ5r
TCAAGCTTCAACTCCTTCTTT this study a Restriction sites used for cloning the PCR-amplified fragments are underlined.
